WHAT'S KNOWN ON THIS SUBJECT: Death or neurodevelopmental impairment in extremely premature neonates can be predicted at birth by considering gender, antenatal steroids, multiple birth, birth weight, and gestational age.
WHAT THIS STUDY ADDS: Prediction of death or neurodevelopmental impairment in extremely premature infants is improved by using information available later during the clinical course. The importance of birth weight declines, whereas that of respiratory illness severity increases with advancing postnatal age. abstract OBJECTIVE: Methods are required to predict prognosis with changes in clinical course. Death or neurodevelopmental impairment in extremely premature neonates can be predicted at birth/admission to the ICU by considering gender, antenatal steroids, multiple birth, birth weight, and gestational age. Predictions may be improved by using additional information available later during the clinical course. Our objective was to develop serial predictions of outcome by using prognostic factors available over the course of NICU hospitalization.
METHODS: Data on infants with birth weight #1.0 kg admitted to 18 large academic tertiary NICUs during 1998-2005 were used to develop multivariable regression models following stepwise variable selection. Models were developed by using all survivors at specific times during hospitalization (in delivery room [n = 8713], 7-day [n = 6996], 28-day [n = 6241] , and 36-week postmenstrual age [n = 5118]) to predict death or death/neurodevelopmental impairment at 18 to 22 months.
RESULTS:
Prediction of death or neurodevelopmental impairment in extremely premature infants is improved by using information available later during the clinical course. The importance of birth weight declines, whereas the importance of respiratory illness severity increases with advancing postnatal age. The c-statistic in validation models ranged from 0.74 to 0.80 with misclassification rates ranging from 0.28 to 0.30.
CONCLUSIONS: Dynamic models of the changing probability of individual outcome can improve outcome predictions in preterm infants. Various current and future scenarios can be modeled by input of different clinical possibilities to develop individual "outcome trajectories" and evaluate impact of possible morbidities on outcome. Pediatrics 2012;130:e115-e125 Prognostic estimates are necessary in clinical medicine. The prognosis from the time of initial diagnosis may change over time because of disease progression, therapeutic response (or lack thereof), complications, or advancing age. Identification of changes in prognosis may be especially important in critically ill patients. In the NICU, extremely low birth weight (ELBW; birth weight #1000 g) infants are at the highest risk of adverse outcomes. 1 Taking into consideration postadmission events in addition to data available at the time of birth/admission supports more informed clinical decision-making and parental discussion and allows evaluation of prognosis at different postnatal ages.
At birth, the probability of death or neurodevelopmental impairment (NDI) in ELBW infants can be estimated considering multiple factors (eg, gender, exposure to antenatal steroids, multiple birth, and birth weight) in addition to gestational age. 1 Five minutes after birth, prediction of death can be improved by adding the Apgar score, which reflects the early care and infant response. 2 Because the risk of mortality is lower if initial resuscitation is successful, and declines over the first few weeks, 3 a prediction made at the time of birth for subsequent death/NDI is an overestimate for mortality if the infant survives beyond this vulnerable period. Conversely, in an infant predicted to have a good outcome at birth, complications such as bronchopulmonary dysplasia or retinopathy of prematurity substantially reduce the probability of a good outcome. 4 The effect of morbidities on subsequent outcome depends partly upon the previous probability up to that point (eg, the effect of a bilateral severe intracranial hemorrhage on the probability of a bad outcome will be larger in an infant with a high predicted probability of good outcome at birth and will be relatively small in an infant with a low predicted probability of good outcome at birth). Although MRI 5 and neurobehavioral assessments 6 may provide additional prognostic information, these are difficult to perform soon after birth in sick ELBW infants.
We hypothesized that a multivariable analysis of clinical data available at birth and at subsequent time points during the hospitalization (7 days, 28 days , and 36 weeks postmenstrual age [PMA]) will improve prognostication for poor outcome (death/NDI, death alone, NDI in survivors) over that at birth for individual ELBW infants.
METHODS

Study Centers and Population
Data from all live-born infants (both inborn and outborn if admitted within 14 days of birth) witha birthweight of 401 to 1000 g born between January 1, 1998, and 
Data Collection and Analysis
The available data set was randomly divided into a development set (70%) and a validation set (30% To account for center variation, 7, 10 models including center were also developed, which increased the c-statistic (AUC) of the models by ∼1%, but did not significantly alter parameter estimates 
RESULTS
Patient Characteristics
A total of 14 147 infants with a birth weight of 401 to 1000 g were admitted to NRN centers between 1998 and 2005. We excluded infants with a gestational age ,22 weeks (n = 308) or .32 weeks (n = 76) and those with major malformations (n = 573). Additional exclusions were due to transfers (n = 67) and missing or uncertain final status (n = 6) or subjects in the hospital at 1 year (n = 32). Therefore, 13 085 infants were analyzed. Characteristics of the evaluated patients are shown in (Table 3) For death/NDI, lower birth weight was the major contributor to the model, followed by lower 5-minute Apgar score, male gender, lower gestational age, and no antenatal steroids. The variables in the model for death alone were the same as for death/NDI, although the magnitude of contribution was different. For NDI in survivors, lower birth weight was again the main contributor, followed by male gender, intubation at birth, and being inborn. The model for death alone had a higher AUC (0.84) compared with that for NDI in survivors (AUC 0.66), and the combined death/NDI model had an AUC of 0.78.
FIGURE 1
Outcome trajectory of 2 hypothetical infants with use of the National Institute of Child Health and Human Development Outcome Trajectory Estimator. The trajectories are shown for a 23-week 450-g male infant (blue triangle) and a 25-week 750-g female infant (pink circle), and have been developed by using the interactive spreadsheet.
AUCs/misclassification rates in validation models were 0.80/0.28 for NDI/ death, 0.84/0.20 for death, and 0.68/ 0.32 for NDI in survivors.
Models Using Variables at 7 Days of Age (Table 4) For death/NDI, lower birth weight was the most important contributor, followed by the highest FiO 2 on day 7, male gender, higher intraventricular hemorrhage (IVH) grade, 11 and fewer days on continuous positive airway pressure (CPAP) by day 7. The model for death alone had similar variables (with the exception of days on CPAP), although the order of variables was different and the highest FiO 2 on day 7 was the most important variable. For NDI in survivors, lower birth weight, followed by male gender were the 2 most important predictors. Similar to the time point of birth, the model for death alone had a higher AUC (0.77) compared with that for NDI in survivors (AUC 0.68), and the combined death/NDI model had an AUC of 0.72.
AUCs/misclassification rates in validation models were 0.74/0.32 for death/ NDI, 0.77/0.14 for death, and 0.70/0.32 for NDI in survivors.
Models Using Variables at 28 Days of Age (Table 5) The highest FiO 2 on day 28, followed by the number of episodes of late-onset culture-negative infection (by day 28) and the number of days of parenteral feeding (to day 28) were the top 3 predictors for the models for death/NDI and death alone. The number of episodes of late-onset culture-negative infection (by day 28) followed by more days on high-frequency ventilation and conventional ventilation (by day 28) and male gender were the important predictors for NDI in survivors. At this time point, birth weight did not contribute significantly to the models. These models had similar validity to models at earlier time points with AUCs/ misclassification rates in validation models of 0.74/0.30 for death/NDI, 0.80/0.08 for death, and 0.71/0.31 for NDI in survivors. Overall, the AUC of models for NDI in survivors improved over time, from 0.66 in the delivery room, to 0.69 at 28 days, and to 0.72 at 36 weeks. Predictive accuracy at 7 days to 36 weeks for death/ NDI was lower than at birth with removal of earlier death from later models.
DISCUSSION
In this study, we demonstrate that various current and future scenarios can be modeled by input of different clinical events to determine changes in 12 In a cohort of ventilated ELBW infants, 40% of infants with normal head ultrasound and no prediction of death had an adverse outcome. 13 These studies emphasize the need for more accurate determination of prognosis.
Tyson et al 1 found that the probability of a death or adverse developmental outcome can be better estimated at birth by consideration of multiple risk factors than with the use of a single variable (gestational age). The current study extends these observations by evaluating prediction of outcome at subsequent time points. As noted in the study by Tyson et al, 1 predictive ability was improved by the addition of gender and birth weight. As we found in the current and a previous study, 2 the 5-minute Apgar score was an additional predictor of mortality, which reflects not only condition at birth, but also whether and how effectively resuscitation was provided. Our study suggests that it may be appropriate to assess the response to initial resuscitation in the decision to provide support to extremely premature infants at the threshold of viability, in addition to considering antenatal risk factors. Chiswick 14 stated that the condition of the infant at birth and the response to bag-and-mask ventilation influences the decision on whether to continue intensive care, and subsequent care in the NICU should be considered as a "trial of life," with the option of withdrawing care according to the perceived futility of treatments and the mounting burden of neonatal complications. However, clinician assessment of appearance and response to resuscitation may not be accurate. 15 Our models may help provide additional information on outcome to help in such decision-making.
As expected, the contribution of the different variables to outcome varied with the time period. Surprisingly, the ability to predict death and death/NDI did not improve with increasing postnatal age among infants who avoided early death. We have previously shown that the ability to predict long-term morbidity/death in ELBW infants did not improve significantly over the first week of life, 16 probably because most of the commonly used variables are predictors of early mortality and not longer-term outcome, although the effects of different variables varied with postnatal age. The results of the current and Meadow et al, 17 such as the day-today changes in prognosis and the use of clinician intuition for prognostication, were not available in our study. However, our study has the advantage of a larger sample size from multiple centers, with more variables being analyzed.
We observed that the models for NDI/ death were similar to the models for death alone in the first 28 days, but were similar to the models for NDI in survivors at the 36-week time point, because most death occurs in the first 28 days, whereas NDI accounts for most of the combined NDI/death outcome at 36 weeks. An important finding was that birth weight and other predictors at birth (with the exception of male gender) that are strongly associated with outcome at earlier time points decline in importance with advancing postnatal age (28 days and 36 weeks), whereas the importance of respiratory illness severity and late-onset culture-negative clinical infection (an indicator of overall illness severity) increased over time.
Except at the time of delivery, gestational age, when considered along with birth weight and the other variables, did not contribute enough to model predictive ability to be included. This may be because the resolution (in completed weeks, within a relatively narrow range) and accuracy of the gestational age assessment is relatively poor 1,18 in comparison with birth weight. Antenatal steroids were also associated with improved outcome at the time of birth. It is well known that antenatal steroids improve outcomes in preterm infants, 19 and we have recently shown that they are associated with reduced death or NDI even in infants born at 23 to 25 weeks gestation. 20 Above and beyond its effects on other predictors (eg, ventilator days), IVH grade did not contribute significantly to NDI in survivors at any time point, although ventricular enlargement and periventricular leukomalacia /porencephalic cyst at 36 weeks were associated with NDI and NDI/death. We have previously shown that the addition of data on severe IVH to models with clinical data alone did not improve outcome prediction. 21 Other investigators have also shown that infants with isolated IVH and without associated echolucency and/ or ventriculomegaly are only slightly more likely to have cerebral palsy than those with normal ultrasound studies. 22 Limitations of the study include difficulty in ascertainment of time of onset of some complications. For example, most IVH occurs in the first 3 to 5 days, 23, 24 but some infants may have their first cranial sonogram after 7 days, thereby delaying the diagnosis but not actual timing of the morbidity. A second limitation is that, although the follow-up rate is not low, attrition may result in biased estimates of prediction of adverse outcomes. Another limitation is that NDI at 18 to 22 months corrected age may not correlate highly with later impairment. Many ELBW survivors have neurosensory disabilities but become functional young adults. 25, 26 We are aware that transitioning NDI assessment from the Bayley II to the Bayley III, since the assessment of infants in this study has led to differences in the magnitude and nature of diagnosed NDI, 27 and outcomes may change with advances in intensive care, requiring updating of these prediction models at a future date. Finally, these estimates reflect outcomes in the NRN during the study period, which may be different from the centers where it is applied.
One risk associated with the development of the prediction models is of creation of "self-fulfilling prophecies," particularly if support is not provided to infants who would otherwise have a reasonable likelihood of a favorable outcome. 28 From the ethical standpoint, the possibility of misclassification indicates that these tools should only aid and not replace clinical decision-making. It has been demonstrated that obstetricians and pediatricians who underestimate neonatal survival are less likely to provide beneficial therapy. 29 The development of individual "outcome trajectories" enables determination of changes in prognosis over time, and the visual and interactive nature of the Web-based tool is user-friendly, enabling use by clinicians without knowledge of complex statistical approaches. A quantitative approach to perception of risk of outcome and of the effects of various complications or sequelae on longerterm outcome in ELBW infants would be useful to clinicians and parents. Quantification of risk at different time points may also assist researchers who wish to risk-stratify patients for entry into clinical trials and for quality improvement projects.
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